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(57) Ink jet printing apparatus and method for 
improved accuracy of ink droplet placement on a 
receiver medium (30) by compensating for jet direction 
variabilities between ink nozzles (45). More specifically, 
the invention is an ink jet printing apparatus and method 
for printing an output image on a receiver medium in 
response to an input image file having a plurality of pix- 
els. The apparatus includes a print head (50) and a noz- 
zle integrally attached to the print head. The nozzle has 
a droplet placement characteristic, for example, unde- 
sired placement 6f the droplet on the receiver medium, 



associated therewith. A waveform- generator (230) 
associated with the nozzle generates an electronic 
waveform (80) comprising a plurality . of electronic 
pulses (90) to be supplied to the nozzle for adjusting the 
droplet placement characteristic. In this manner, the 
invention compensates for the undesired droplet place- 
ment characteristic, so that the droplet (47) is accurately 
placed on the receiver medium irrespective of physical 
variabilities between nozzles. 
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Description 

[0001 ] The present invention generally relates to print- 
" ing apparatus and methods' and more particularly 
relates to an ink jet printing apparatus and method for 
improved accuracy of ink droplet placement on a 
receiver medium by compensating for jet direction vari- 
abilities between ink nozzles. 

[0002J An ink jet printer produces images on a 
receiver medium by ejecting ink droplets onto the 
receiver medium in an image-wise fashion. The advan- 
tages of non-impact, low-noise, low energy use, and low 
cost operation in addition to the capability of the printer 
to print on plain paper are largely responsible for the 
wide acceptance of ink jet printers in the marketplace. 
[0003] One problem associated with ink jet printing is 
placement errors of the ink droplets on the receiver 
medium. Such errors are due to variabilities in the print 
head manufacturing process in which ink nozzles 
belonging to the print head are not made identical. The 
nozzles tend to eject ink droplets in directions different 
from an ideal direction normal to a nozzle plate in which 
the nozzles are formed. Such misdirected ink droplet 
ejection causes misplacement of the ink droplets on the 
receiver medium. These ink droplet placement errors in 
turn produce image artifacts, that is, defects, such as 
banding, reduced sharpness, extraneous ink spots, ink 
coalescence and color bleeding. 
[0004] One method to reduce directional errors in the 
ejected ink droplets is to minimize the distance between 
the print head and the receiver medium. Minimizing dis- 
tance between the print head and receiver medium min- 
imizes error represented by the distance between a 
correctly placed droplet and a misplaced. This method, 
however, has its limitations in that if the print head is 
arranged too close to the receiver medium, there is an 
increased risk for, the ink in the ink nozzles to contact 
the receiver medium even before ink ejection. When this 
occurs, the ink spreads-out across the receiver medium 
in a uncontrolled manner to contaminate the receiver 
medium. 

[0005] Therefore, object of the present invention is to 
provide an ink jet printing apparatus and method for 
improved accuracy of ink droplet placement on a 
receiver medium by compensating for jet direction vari- 
abilities between ink nozzles. 

[0006] The invention resides in an ink jet printing 
apparatus for printing an output image on a receiver 
medium in response to an input image file having a plu- 
rality of pixels, characterized by a print head, a nozzle 
integrally attached to the print head and having a drop- 
let placement characteristic associated therewith, the 
nozzle capable of ejecting an ink droplet therefrom a 
waveform generator associated with the nozzle for gen- 
erating an electronic waveform to be supplied to the 
nozzle for adjusting the droplet placement characteris- 
tic, so that the nozzle ejects the ink droplet from the noz- 
zle along a predetermined direction after adjustment of 



the droplet placement characteristic in response to the 
waveform supplied thereto, the waveform being defined 
by a plurality of pulses at least one look-up table associ- 
ated with the waveform generator for storing a plurality * 

s of waveform serial numbers assigned to respective 
waveforms, each waveform being defined by at least 
one predetermined parameter; and a calibrator associ- 
ated with said look-up table for calibrating the input 
image file by converting the pixel values of the input 

io image to waveform index numbers associated with the 
waveform serial numbers. 

[0007] In one aspect of the invention, the invention 
includes an ink jet printing apparatus for printing an out- 
put image on a receiver medium in response to an input 
15 image file having a plurality of pixels, comprising a print 
head and a nozzle integrally attached to the print head 
and having a droplet placement characteristic associ- 
ated therewith. The nozzle is capable of ejecting an ink 
droplet therefrom. The apparatus further comprises a 

20 waveform generator associated with the nozzle for gen- 
erating an electronic waveform to be supplied to the • 
nozzle for adjusting the droplet placement characteris- 
tic. The waveform is defined by a plurality of electronic 
pulses. In this manner, the nozzle ejects the ink droplet 

25 from the nozzle along a predetermined direction after 
the waveform supplied to the nozzle adjusts the droplet 
placement characteristic. Moreover, at least one look- 
up table is associated with the waveform generator for 
storing a plurality of waveform serial numbers assigned 

so to respective waveforms, each waveform being defined 
by at least one predetermined parameter. In addition, a 
calibrator is associated with the look-up table for cali- 
brating the input image file by converting the pixel val- 
ues of the input image to waveform index numbers 

35 associated with the waveform serial numbers. 

[0008] A feature of the present invention is the provi- 
sion of a controller that controls timing of the electronic 
waveforms ejecting the ink droplets to compensate for 
physical variabilities between nozzles.' 

40 [0009] Another feature of the present invention is the 
provision of a waveform generator associated with the 
nozzles for generating an electronic waveform supplied 
to the nozzle. The waveform adjusts the droplet place- 
ment characteristic, so that the nozzle ejects the ink 

45 droplet along a predetermined direction after adjust- 
ment of the droplet placement characteristic. 
[0010] An advantage of the present invention is that 
ink droplets are accurately placed on the receiver 
medium even when manufacturing variabilities exist 

so between nozzles. 

[001 1] These and other objects, features and advan- 
" tages of the present invention will become apparent to 
those skilled in the art upon a reading of the following 
detailed description when taken in conjunction with the 

55 drawings wherein there is shown and described illustra- 
tive embodiments of the invention. 
[0012] While the specification concludes with claims 
particularly pointing-out and distinctly claiming the sub- 
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ject matter of the present invention, it is believed the 
invention will be better understood from the following 
description when taken in conjunction with the accom- 
... panying drawings wherein: ..... . . 

Fig 1a shows a first embodiment functional block 
diagram belonging to the present invention, the 
functional block diagram including a plurality of 
printer performance LUT's (Look-Up Tables) and a 
printer performance curve and also including an 
electromechanical transducer associated with an 
ink nozzle to eject an ink droplet therefrom; 
FIG. 1b shows a second embodiment functional 
block diagram belonging to the present invention, 
the functional block diagram including the plurality 
of printer performance LUTs and the printer per- 
formance curve and also including a heat generat- 
ing element associated with the ink nozzle to eject 
the ink droplet therefrom; 

FIG. 2 shows an enlargement of an exemplary LUT 
of Figs. 1a and 1b; 

FIG. 3 shows a graph illustrating an electronic 
waveform comprising a plurality of voltage pulses, 
the waveform being defined by a plurality of prede- 
termined parameters including time delay before 
start of pulses, number of pulses, pulse amplitude, 
pulse width, and time delays between pulses; 
FIG. 4 is a graph illustrating the printer performance 
curve of Figs. 1a and 1b; and 
FIG. 5 shows placement of ink droplets of variable 
diameters or sizes on a receiver medium. 

[001 3] As described in detail hereinbelow, the present 
invention provides an ink jet printing apparatus and 
method for improved accuracy of ink droplet placement 
on a receiver medium by compensating for jet direction 
variabilities between ink nozzles through use of elec- 
tronic waveforrn control, 

[001 4] Therefore, referring to Figs. 1 a and 1 b, first and 
second embodiment ink jet printing apparatus, both 
generally referred to as 10, include an electronic mem- 
ory 20 having a digital input image file l(x,y) stored 
therein. With respect to image file l(x,y), the letters "x" 
and "y" designate column and row numbers, respec- 
tively, the combination of which define pixel locations in 
an input image plane (not shown). More specifically, a 
plurality of color pixels with a color pixel value at each 
"x" and "y" location will preferably correspond to pixels 
having desired color densities, that is, "aim color densi- 
ties," when printed on a receiver medium 30. Image file 
l(x,y) may be generated by a computer or, alternatively, 
provided as an input generated from a magnetic disk, a 
compact disk, a memory card, a magnetic tape, a digital 
camera, a print scanner, a film scanner, or the like. 
Moreover, image file I(x,y) may be provided in any suit- 
abl format well known in the art, such as page-descrip- 
tion language or bitmap format. 

[0015] Still referring to Figs. 1a arid 1b, electrically 



connected to electronic memory 20 is an image proces- 
sor 40, which processes image file l(x,y) by performing 
any one of several desired operations on image file 
— ... . I(x,y).. These operations, for example, may be. decoding, 
5 decompression, rotation, resizing, coordinate transfor- 
mation, mirror-image transformation, tone scale adjust- 
ment, color manajgement, in addition to other desired 
operations. Image processor 40 in turn generates an 
output image file l p (x,y). Output image file l p (x,y) 
10 includes a plurality of pixel values having color code val- 
ues, the pixel values respectively corresponding to a 
plurality of ink delivery nozzles 45 (only one of which is 
shown) integrally connected to an Inkjet print head 50. 
Each nozzle 45 defines an ink chamber 46 therein for 
is ejecting an ink droplet 47 therefrom. 

[0016] Referring now to Figs. 1 a, 1b, 2, 3 and 4, data 
related to performance of apparatus 10 have been pre- 
viously stored in a plurality of printer performance LUT's 
(Look-Up Tables) such as LUT's 60-63 and also in a 
20 printer performance curve 100, as described more fully 
hereinbelow. Moreover, image file l p (x, y) is preferably 
calibrated by means of an image calibrator 70 which 
converts the color pixel values at each pixel to a plurality 
of waveform index numbers IN obtained from a contin- 
25 uos waveform function constructed in a manner 
described in detail hereinbelow. LUTs 60-63 provide an 
electronic waveform, generally referred to as 80, which 
may comprise a plurality of "square" pulses 90 (only 
three of which are shown), for driving print head 50: It 
30 should be understood that each LUT 60-63 corresponds 
to a set of respective nozzles 45, that is, j th nozzle in 
Fig. 2) for each given color. It may be appreciated that 
square pulses 90 are only an example of many possible 
electronic pulse shapes usable for driving print head 50. 
35 Alternative pulse shapes usable with the present inven- 
tion include, for example, triangular-shaped, trapezoi- 
dal-shaped, and sinusoidal-shaped pulses, either in uni- 
polar or bi-polar voltages. In addition, electronic wave- 
form 80 may be fully or partially continuous without one 
40 or more of the time delays (S^ 2 . S2-3. .)• Such alterna- 
tive waveforms are characterized by predetermined 
parameters in similar fashion to the example shown for 
square-shaped pulses 90. For example, a continuous 
sinusoidal wave may be characterized by the period and 
45 the amplitude of each cycle or each half cycle pfus a 
constant voltage offset. 

[0017] Still referring to Figs. 1a, 1b, 2, 3 and 4, elec- 
tronic waveform 80 is characterized by a set of predeter- 
mined parameters, which predetermined parameters 

so may be time delays before start of pulses T Fj j and T Bi j 
for a waveform serial number SNj to the jth nozzle, 
number of pulses, pulse widths, that is, W 1t W 2 , W 3 ..., 
voltage pulse amplitudes, that is, A 1( A 2 , A 3 ;.., and time 
delays, that is, S 1 . 2( S 2 . 3 ... between pulses 90. As 

55 described more fully hereinbelow, the delay times 
before start of puis s T Fj j and T Bi j not only accounts for 
the differences between ink droplets of different vol- 
umes, that is, diff rent serial numbers SN's, but also 
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compensates for manufacturing variabilities between 
ink nozzles, for example, different nozzle diameters and 
orientation. Predetermined values of pulse amplitudes, 
" widths and time delays between" pulses are selected 
according to a desired mode of operating print head 50. 
For example, a desired mode of operation for a piezoe- 
lectric ink jet print head 50 may be that frequencies of 
pulses 90 be reinforced by the resonance frequencies of 
ink chamber 46, which is associated with ink nozzle 45, 
so that the amount of energy input to nozzle 45 to cause 
ink ejection therefrom is minimized. Predetermining the 
values of the number of pulses, pulse amplitude, pulse 
width and time delays between pulses results in dis- 
crete ink droplet volumes modulatable by electronic 
waveform .80. 

[0018] Referring to Figs. 2, 3, 4 and 5, the placement 
variabilities between ink nozzles along the print head 
scan direction are compensated by controlling the time 
delay before start of pulses T Fi j and T Bi j (respectively for 
the forward and backward head scan directions) specif- 
ically for the waveform SNi and the jth ink nozzle. In this 
case i = 1, 2, 3... N where "N" is the total number of 
waveforms 80 and j = 1, 2, 3... M where "M" is the total 
number of nozzles 45 in a print head. The variabilities in 
ink droplet placement can be caused by the physical 
variabilities between ink nozzles 45, the differences in 
the width Wj of pulses 90 belonging to electronic wave- 
form 80, as well as the difference in ejection velocities of 
droplets 47. 

[0019] Referring to Figs. 2, 3, 4 and 5, when the print 
head scans in the forward direction (indicated by sub- 
script "F"), the time delay before start of pulses T Fi j for 
the jth nozzle actuated by the electronic waveform serial 
number SNj of waveform 80 is expressed as follows: 

T Fij = T F j W,/2 - T fij Equation (1) 

in which T F j (not shown) is the time interval that an ink 
droplet ejected from the jth ink nozzle takes from the 
start of the print line T 0 (shown FIG. 3) to land on 
receiver 30. The variabilities in T F j between nozzles can 
be experimentally calculated by measuring the dis- 
placement variabilities between nozzles (as shown in 
FIG. 5). T Fj j is the time delay before start of pulses for 
compensating the variabilities between nozzles. T Fi j is 
dependent on the waveform, through W { and T fi j, which 
are defined immediately hereinbelow. T fj j is the in-flight 
time taken by ejected ink droplet 47 to travel from the jth 
nozzle to receiver 30 for the waveform serial number 
SNj. T f jj is equal to the nozzle-to : receiver distance 
divided by average ink-droplet velocity in a direction nor- 
mal to receiver 30. For a fixed nozzle-to-receiver dis- 
tance, Tfjj is therefore inversely proportional to the 
average velocity of the ejected ink droplet. The starting 
time T 0 of each printing line is determined by clock 
cycles provided by a computer (not shown) or by signals 
obtained by detecting spaced-apart markings residing 
on an encoder strip (also not shown). According to the 



present invention, the previously mentioned "\N " is the 
total temporal duration of the electronic waveform 80 
excluding T i( as discussed more fully hereinbelow. In 
■ this regard, for the electronic waveform labeled as SN 2 
5 in LUT's 60-63, 

W = W 1 +S 1 _ 2 +W 2 Equation (2) 

where, W-j and W 2 are the width of the first and second 
10 pulses and S-|.2 is the time delay between the two 
pulses, as shown in Fig. 3. 

[0020] However, Wj and T fi j t and thus the time delay 
before start of pulses T Fi j, are usually different for ink 
droplet 47 activation associated with different electronic 

15 waveform serial numbers SNj, For example, it is possi- 
ble to design print head 50 such that ink droplets 47 
having different volumes are ejected at essentially the 
same velocity, if desired. In this case, variation between 
different electronic waveform serial numbers SNj is W/2. 

20 The fraction 1/2 is included in Equation (1) so that the 
centers of ink droplets 47 are placed at the center of a 
pixel on receiver 30 for ink droplets 47 of different vol- 
umes. Ink droplets of different volumes are activated by 
different electronic waveform serial numbers SNi's. In 

25 this manner, ink spots A, B and C of different diameters 
or sizes are symmetrically placed within a pixel on 
receiver 30. 

[0021] As best seen in Fig. 5, print head 50 prints line 
110 in an image area 120 on receiver 30 by scanning 

30 image area 120 in the forward direction indicated by 
arrow 125. Three pairs of white and gray shaded ink 
spots A, B, and C are shown placed by Nozzles A, B, 
and C, respectively, along print line 110 in image area 
120. Ideally, ink spots A, B and C are all symmetrically 

35 placed on print line 1 1 0 as indicated by the gray shaded 
ink spots. 

[0022] Still referring to Fig 5, for ideal ink ejection per- 
formance, ink droplets 47 are ejected perpendicular to 
nozzles 45. T F j can be set to be a constant T F that is 

40 independent of waveform serial number SNj of nozzles 
45. However, as shown in FIG. 5, physical variabilities in 
nozzles 45 tend to cause ink droplets 47 to be placed 
above or below print line 1 10 as shown by the white ink 
spots A, B, and C. For purposes of illustration, only 

45 placement variabilities in the head-scan direction are 
shown. The placement errors caused by different phys- 
ical characteristics of nozzles 45 can be measured by 
printing a test image comprising spatially separated ink 
spots on an ink receiver. In this case, placement loca- 

50 tion of the ink spots by each nozzle 45 can be measured 
by a microdensitometer. The deviations of the ink spots 
from the ideal placement locations for each nozzle 45 
are then calculated. 

[0023] Referring again to Fig. 5, in the forward scan- 
55 ning direction, ink droplet landing times T F j and associ- 
ated time delays before start of pulses T R j are then 
adjusted according to the placement variabilities 
caused by ink nozzles 45. For example, without com- 
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pensation, Nozzle A places ink spots upstream to (or 
before) the ideal printing line 1 10, as shown by the white 
ink spot A. The ink droplet landing time T FA and T w for 
the Nozzle A is therefore increased by a proper dura-- 
tion, so that ink droplets 47 at Nozzle A are ejected on 5 
the ideal printing line 1 10 as indicated by the shaded ink 
spot A. 

[0024] Referring yet again to Fig. 5, when the print 
head scans in the backward direction (indicated by sub- 
script "B"), opposite to the direction of arrow 125, the 10 
timing adjustment for correcting the nozzle variabilities 
are reversed. For example, in the absence of correction, 
Nozzle A ejects ink drop after the ideal line location. The 
ink droplet landing time T BA and T BiA for Nozzle A in the 
backward head scan direction is decreased by a proper is 
duration for droplets 47 to be ejected by Nozzle A onto 
the idea! printing line 110. The relationship between the 
delay times is expressed in equation (3) and shown in 
FIG. 2. 



Bij 



Equation (3) 



20 



[0025] Returning to Figs. 2 and 3, LUTs 60-63 include 
a plurality of optical density values Di (i=1. D max ) for 
each color corresponding to a plurality of electronic 25 
waveforms 80, with each waveform 80 being described 
by waveform serial numbers SN f (i=1, .... N). "D max " is 
the maximum achievable optical density. As used 
herein, the terminology "optical density" refers to reflect- 
ance or transmittance optical densities as measured by 30 
a densitometer (not shown) set in the well-known 
reflectance "Status A" mode or transmittance "Status 
M" mode. Such reflectance and transmittance optical 
densities are measured from reflectance, for example, 
coated paper, or transmittance, for example, transpar- 35 
ent film) ink receivers 30. Density Dj itself is measured 
from a uniform density patch formed on a test image 
(not shown), which test image is printed by driving noz- 
zles 45 with waveform 80. Waveform 80 is in turn deter- 
mined by the waveform serial numbers SN j( where i = 1 , 40 
2, 3,' ... N and where "N" is the total number of electronic 
waveforms 80 in LUTs 60-63. LUTs 60-63 also include 
the previously mentioned predetermined parameters, 
which characterize waveform 80. As previously men- 
tioned, these parameters are time delays before start of 45 
pulses T Fj j and T Bi j, the number of pulses, the widths 
(W 1( W 2 , W 3 ...), the amplitudes (A 1( A 2 , A 3 ...), and the 
time delays between pulses (S-,_2. S 2 . 3 ..)- 'n LUTs 60- 
63, optical densities D 1( D 2 , D 3 ... are tabulated as a 
monotonic function of waveform serial numbers SNj for so 
a predetermined electronic waveform 80, for example, 
comprising square waves 90. However, it is understood 
from the teachings herein that a different set of parame- 
ters will result in electronic waveforms different from the 
square waveform 90. 55 
[0026] Moreover, still referring to Figs. 2 and 3, it may 
be understood that the series of electronic waveform 
serial numbers SNj listed in LUTs 60-63 are only a sub- 



set of all possible electronic waveforms serial numbers 
determining the electronic waveform 80 which is used to 
drive Inkjet print head 50. However, it may be appreci- 
ated that, when printing with- all possible electronic, 
waveforms, many of these electronic waveforms result 
in equal or similar optical densities D,-. Only suitable 
ones of these waveforms need be selected and listed as 
the electronic waveforms in LUTs 60-63. Although not 
required by the present invention, such a selection can 
be made by minimizing a gap or difference "g M between 
f any two consecutive optical densities D ( and the corre- 
sponding two consecutive waveform serial numbers 
SNj. Minimizing such gaps or differences "g" minimize 
quantization errors for arriving at suitable waveforms 80. 
[0027] Referring again to Fig. 4, there is shown printer 
performance curve 100 formed by plotting optical den- 
sity Dj as a function of waveform index number IN. To 
form printer performance curve 100, the N electronic 
waveforms in LUTs 60-63 are used to print the previ- 
ously mentioned test image comprising uniform-density 
patches (not shown) from which optical densities Dj are 
obtained in a manner well-known in the art. Further- 
more, as known in the art, other parameters such as 
lightness can also be used in place of the optical density 
for representing the image performance. In the present 
invention, the optical densities D t are obtained for each 
waveform serial number SNj producing waveform 80. 
The plurality of "x" symbols shown in Fig. 4 represent 
data points obtained from LUTs 60-63 corresponding to 
the SNj's in LUTs 60-63. Data points "x" are interpo- 
lated by techniques well known in the art to produce a 
continuous curv6 for expressing IN as a continuous var- 
iable. The difference between waveform serial numbers 
SNj and waveform index numbers IN is as follows: 
waveform serial number SNj describe discrete optical 
density levels, that is, tones, that ink jet printer appara- 
tus 10 is capable of producing. With respect to SNj, the 
total level "N" ranges from 2 to 2 8 available levels. The 
plurality of waveform index numbers IN, on the other 
hand, comprise a continuous variable and thus repre- 
sent continuous tone. Of course, there should be higher 
than 8 bit levels (2 8 ), for example, 10-12 bits, used to 
describe the waveform index numbers IN. 
[0028] Returning now to Figs. 1a and 1b, image file 
l p (x,y) is calibrated by image calibrator 70. I p (x,y) 
includes a multiplicity of color pixel values for each of 
the plurality of color planes, which color planes may be 
yellow, magenta and cyan color planes. That is, each 
color code value is associated with the previously men- 
tioned aim optical density for that color. More specifi- 
cally, each color pixel value is defined by input image file 
l(x,y). The calibration performed by image calibrator 70 
converts each color pixel value to a waveform index 
number IN using (a) the aim density at that pixel for that 
color and (b) printer performance curve 100 (see Fig. 
4). As shown in Figs. 1a and 1b, this calibration process 
results in an image file IN(x,y) with pixel values 
described by waveform index numbers IN. 
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[0029] Still referring to Figs. 1a and 1b, image halfton- 
ing unit 21 0 is used to simulate the continuous-tone per- 
ceptual effects using the limited number of density 
" levels (associated With N waveforms) in the inkjet print-" 
ing apparatus. As used herein, the terminology "image 
halftoning" refers to the image processing technique 
which creates the appearance of intermediate tones by 
the spatial modulation of two tone levels, for example, 
black and white, or by spatial modulation of multiple 
tones levels, such as black, white and a plurality of gray 
levels. Halftoning improves image quality by minimizing 
image artifacts, that is, defects, such as contouring 
which results from printing with a finite number of tone 
levels. In cases where multiple tone levels are used, 
image halftoning is often referred to as multiple level 
halftoning, or multi-level halftoning, or simply multiton- 
ing. In the preferred embodiment of the invention, the 
term image halftoning includes bi-level halftoning, as 
well. 

[0030] That is, as shown in Figs. 1a and 1b, calibrated 
image file IN(x.y), which is input to image halftoning unit 
210, comprises a multiplicity of pixels with each pixel 
described by waveform index numbers IN for each color. 
As described hereinabove, the waveform index num- 
bers IN are effectively continuous in nature, which 
waveform index numbers IN are described in more than 
8 bit per pixel per color. The total number of waveform 
serial numbers, N, corresponding to different optical 
densities, is in the range 2 1 to 2 8 , which is much smaller 
than the total number of waveform index numbers IN. In 
this manner, the halftoning quantizes optical densities 
Dj. However, simple quantization of optical densities Dj 
represented by the waveform serial numbers SN j( may 
nonetheless give rise to visible image artifacts on the 
printed image. Therefore, in order to solve this problem, 
image halftoning unit 210 quantifies the calibrated 
image file IN(x,y) with pixel values described by the con- 
tinuous waveform index number IN in order to form an 
image file SN(x,y) with pixel values described by wave- 
form serial numbers SN h This result is accomplished by 
spatially modulating adjacent waveform serial numbers 
SNj, that is, image halftoning. The waveform serial num- 
bers SNj's generated in this manner are stored in LUTs 
60-63. 

[0031 ] In Figs. 1 a and 1 b, halftoned image file SN(x.y) 
is next sent to a controller 220. Controller 220 performs 
the function of controlling the corrected waveforms gen- 
erated for corresponding pixels. Controller 220 accom- 
plishes this function by (a) receiving a waveform serial 
number SN f at each pixel location (x ( y) for each color of 
the halftoned image file SN(x,y); (b) looking up the 
waveform parameters corresponding to the waveform 
serial number SN at that pixel and color of SN(x.y) using 
LUT's 60-63; (c) sending the previously mentioned 
waveform parameters to waveform generator 230; and 
(d) selecting the correct nozzle 45 corresponding to that 
color and the pixel by sending signals to a nozzle selec- 
tor 240 that is connected to waveform generator 230. 



According to the present invention, the previously men- 
tioned waveform parameters, which are provided by 
LUT's 60-63, and others, include the time delays before 

" start of pulses Tp^s (and Tgjp 'which compensate for the 

5 variabilities between ink nozzles as well as differences 
between ink droplets 47 of different volumes and veloc- 
ities. 

[0032] Referring to Figs. 1a, 1b and 5, waveform gen- 
erator 230 generates correct waveforms 80 in response 

10 to the waveform parameters, which include time delays 
before start of pulses T Fj j and T Bj j controlled by control- 
ler 220. Electronic waveforms 80 with preselected time 
delays are then sent to nozzle selector 240 for actuating 
an electromechanical transducer 250 or a thermal heat 

is generating element 260 associated with each ink nozzle 
45 in print head 50 to eject each droplet 47. In this 
regard, transducer 250 may be a piezoelectric trans- 
ducer. Alternatively, each nozzle 45 may include heat 
. generating element 260, rather than transducer 250, 

20 which heat generating element 260 is disposed in noz- 
zle 45 for generating thermal energy in response to 
electronic waveforms 80 in order to eject ink droplets 47 
from nozzle 45. In addition, waveform generator 230 
may include an electronic circuit (not shown) for produc- 

25 ing the correct digital waveforms 80 and may further 
include a digital-to-analog converter (not shown), and at 
least one amplifier (also not shown). In the present 
invention, ink droplets 47 are ejected from different noz- 
zles 45 to arrive at a print line 110 in image area 120 

30 starting at different times as determined by time delays 
before start of pulses T Pi j and T Bi j in LUT's 60-63. It may 
be appreciated that one or more pulses 90 comprising 
waveform 80 may have a different time duration Wj 
and/or a different amplitude A, co-acting to obtain 

35 desired in-flight velocities and volumes of droplets 47. 
Thus, ink droplets 47 having different volumes are accu- 
rately placed on receiver 30 to produce ink spots in a 
symmetric fashion on print line 110. In the manner dis- 
closed hereinabove, image-wise activation and ink ejec- 

40 tion of ink droplets 47 reproduce the digital input image 
l(x, y) on receiver 30 without image artifacts. 
[0033] It is appreciated from the teachings herein that 
an advantage of the present invention is that ink drop- 
lets are accurately placed on the receiver medium even 

45 when manufacturing variabilities exist between nozzles. 
This is so because the waveform generator associated 
with the nozzles generates an electronic waveform that 
compensates for the undesired droplet placement char- 
acteristic, that is, undesired placement of droplets on 

so the receiver medium. Such undesired droplet place- 
ment characteristic may be due to physical variabilities 
. between nozzles caused by variabilities in the manufac- 
turing process used to make the print head. 
[0034] The invention has been described in detail with 

55 particular reference to certain preferred embodiments 
thereof, but it will be understood that variations and 
modifications can be effected within the spirit and scope 
of the invention. For example, the present invention is 
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compatible with an ink-jet printer apparatus using inks 
of different densities for each color. As another exam- 
ple, the present invention may also incorporate other 

printing modes such, as printing . a plurality, of ink drop: 

lets at each image location on a receiver medium in one s 
or more passes. As a further example, more or fewer 
LUTs than LUT's 60-63 may be used, if required. 
[0035] Therefore, what is provided is an ink jet printing 
apparatus and method for improved accuracy of ink 
droplet placement on a receiver medium by compensat- 10 
ing for jet direction variabilities between ink nozzles. 

PARTS LIST 



[0036] 15 

10 functional block diagram 

20 electronic memory 

30 ' receiver medium 

40 image processor 20 

45 nozzle 

46 ink chamber 

47 ink droplet 

50 inkjet print head 

60,61 1 62,63 printer performance look-tables 25 

70 image calibrator 

80 waveform 

90 group of square pulses 

100 printer performance curve 

110 printing line 30 

120 image area 

125 arrow (forward direction) 

210 image halftoning unit 

220 controller 

230 waveform generator 35 

240 nozzle selector 

250 electromechanical transducer 

260 heater element 

Claims 40 

1. An ink jet printing apparatus for printing an output 
image on a receiver medium (30) in response to ah 
input image file having a plurality of pixels, charac- 
terized by: 45 



(a) a print head (50); 

(b) a nozzle (45) integrally attached to the print 
head and having a droplet placement charac- 
teristic associated therewith, the nozzle capa- so 
ble of ejecting an ink droplet (47) therefrom; 

(c) a waveform generator (230) associated with 
the nozzle for generating an electronic wave- 
form (80) to be supplied to the nozzle for 
adjusting the droplet placement characteristic, 55 
so that the nozzle ejects the ink droplet from 

the nozzle along a predetermined direction 
after adjustment of the droplet placement char- 



acteristic in response to the waveform supplied 
thereto, the waveform being defined by a plu- 
rality of pulses (90); 

(d) at least one look-up table (60,61,62,63) 

associated with the waveform generator for 
storing a plurality of waveform serial numbers 
assigned to respective waveforms, each wave- 
form being defined by at least one predeter- 
mined parameter; and 

(e) a calibrator (70) associated with the look-up 
table for calibrating the input image file by con- 
verting the pixel values of the input image to 
waveform index numbers associated with the 
waveform serial numbers. 

2. The apparatus of claim 1 , wherein the plurality of 
waveforms in the look-up table are associated with 
optical densities produced by the nozzle in 
response to the waveforms, any two consecutive 
optical densities defining a gap therebetween of 
minimized size for reducing quantization errors. 

3. The apparatus of claim 1 , further characterized by 
an image halftoning unit (210) connected to the cal- 
ibrator for halftoning the calibrated image file to 
generate a halftoned image file having a plurality of 
pixel values defined by the waveform serial num- 
bers. 

4. The apparatus of claim 3, further characterized by a 
controller (220) connected to the look-up table for 
generating Waveform parameters received by the 
waveform generator according to waveform serial 
numbers provided by the image halftoning unit. 

5. The apparatus of claim 1 , further characterized by a. 
nozzle selector (240) interconnecting the waveform 
generator and the print head for selecting the noz- 
zle for actuation. 

6. The apparatus of claim 1, further characterized by 
an electromechanical transducer (250) disposed in 
the nozzle and responsive to the waveform for 
ejecting the ink droplet from the nozzle. 

7. The apparatus of claim 6, wherein the electrome- 
chanical transducer is formed of a piezoelectric 
material. 

8. The apparatus of claim 1 , wherein the look-up table 
is characterized by a plurality of predetermined 
parameters including time delay before start of 
pulses, number of pulses, pulse amplitude, pulse 
width and time delay between the pulses for 
respective waveforms. 

9. The apparatus of claim 1, wherein a time delay 
before start of pulses is a function of nozzles, wave- 
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form serial number and direction of movement of 
the print head. 

10. " The apparatus of claim'1 , further'characterized by a 

heat generating element (260) in the nozzle for s 
generating thermal energy responsive to the wave- 
form for ejecting the ink droplets from the nozzle. 

11. The apparatus of claim 8, wherein the predeter- 
mined parameter of time delay between the pulses w 
is zero. 

12. The apparatus of claim 1, wherein the waveform is 
defined by a plurality of spaced-apart groups of the 

• pulses. 15 

13. An ink jet printing method for printing an output 
image on a receiver medium (30) in response to an 
input image file having a plurality of pixels, charac- 
terized by the steps of: 20 

(a) integrally attaching a nozzle (45) to a print 
head (50), the nozzle having a droplet place- 
ment characteristic associated therewith, the 
nozzle capable of ejecting an ink droplet (47) 25 
therefrom; 

(b) adjusting the droplet placement characteris- 
tic by generating an electronic waveform (80) 
defined by a plurality of pulses (90) to be sup- 
plied to the nozzle, the waveform being gener- so 
ated by a waveform generator associated with 

the nozzle, so that the nozzle ejects the ink 
droplet from the nozzle along a predetermined 
direction after adjustment of the droplet place- 
ment characteristic; 35 

(c) storing in at least one look-up table 
(60,61,62,63) associated with the waveform 
generator a plurality of waveform serial num- 
bers assigned to respective waveforms, each 

. waveform being defined by at least one prede- 40 
termined parameter; and 

(d) calibrating the input image file by converting 
the pixel values of the input image to waveform 
index numbers associated with the waveform 
serial numbers by using a calibrator (70) asso- 45 
dated with the look-up table. 

14. The method of claim13, further characterized by 
the step of reducing quantization errors by minimiz- 
ing a gap defined between any two consecutive so 
optical densities associated with the plurality of 
waveforms in the look-up table. 

15. The method of claim 13, further characterized by 

the step of generating a halftoned image file having 55 
a plurality of pixel values defined by the waveform 
serial numbers by operating an image hafftoning 
unit (210) connected to the calibrator. 



16. The method of claim 13, further characterized by 
the step of generating waveform parameters to be 
received by the waveform generator according to 

■■" waveform serial numbers- provided by the image 
halftoning unit by operating a controller connected 
to the look-up table. 

17. The method of claim 13, further characterized by 
the step of selecting the nozzle for actuation by 
operating a nozzle selector (240) interconnecting 
the waveform generator and the print head. 

18. The method of claim 13, further characterized by 
the step of operating an electromechanical trans- 
ducer (250) disposed in the nozzle and responsive 
to the waveform for ejecting the ink droplet from the 
nozzle. 

19. The method of claim 18, wherein the step of operat- 
ing an electromechanical transducer is character- 
ized by the step of operating an electromechanical 
transducer formed of a piezoelectric material. 

20. The method of claim 13, wherein the step of storing 
a plurality of waveform serial numbers in at least 
one look-up table is characterized by the step of 
storing a plurality of predetermined parameters 
including time delay before start of pulses, number 
of pulses, pulse amplitude, pulse width and time 
delay between the pulses for respective waveforms. 

21. The method of claim 20, wherein the step of storing 
a plurality of predetermined parameters is charac- 
terized by the step of storing a value of zero for the 
predetermined parameter of time delay between 
pulses. 

22. The method of claim 13, further characterized by 
the step of generating thermal energy responsive to 
the waveform by operating a heat generating ele- 
ment in the nozzle for ejecting the ink droplets from 
the nozzle. 

23. The method of claim 13, wherein the step of adjust- 
ing the droplet placement characteristic is charac- 
terized by the step of adjusting the droplet 
placement characteristic by generating an elec- 
tronic waveform comprises the step of generating a 
waveform defined by a plurality of spaced-apart 
groups of the pulses. 
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